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Summary
Using a local plane wave assumption, one can determine the normal incidence sound absorption coefficient of a
surface by measuring the acoustic pressure and the particle velocity normal to that surface. As the measurement
surface lies in front of the material surface, the measured active and incident acoustic power will generally
deviate from those at the material surface, leading to a possibly inaccurate sound absorption coefficient. This
phenomenon is particularly pronounced for poorly absorbing surfaces if sound is not normally incident over the
whole material surface. Based on an analytical model, it is shown that the accuracy can be improved by extending
the measurement surface upon which the active acoustic power is measured. Experimental results demonstrate
the usefulness of this approach, in particular for poorly absorbing surfaces.
PACS no. 43.20.El, 43.55.Ev, 43.55.Dt
1. Introduction
For the measurement of the sound absorption coefficient
a large number of methods is available. These methods
have in common that all of them rely on an overall sound
field model, i.e. a model that describes the whole sound
field in front of the surface under investigation. Exam-
ples are the diffuse sound field model in the reverberation
room method according to ISO 354 [1] and the plane wave
model in the tube-based methods according to parts 1 and
2 of ISO 10534 [2, 3]. Whereas these methods are based
on an overall plane wave assumption and a directional pat-
tern, methods for measurement in a semi-free field gener-
ally rely on a typical sound field model that is more re-
strictive.
This sound field model consists of a semi-free field
that is bounded by a planar, locally-reacting, surface, as
for instance described by Attenborough [4]. It will be
referred to as the reference model hereafter. A number
of methods [5, 6, 7, 8] assume plane wave incidence,
whereas other methods consider spherical wave incidence
[9, 10, 11, 12, 13, 14, 15, 16]. A different approach is ap-
plied in the in situ method by Takahashi et al. [7], fur-
ther studied by Otsuru [17], and Din [8]. Although this
method yields good results for a large variety of sound
fields, it also relies on an overall model, comprising a pla-
nar, locally reacting surface subjected to diffuse incidence
of plane waves.
Received 7 March 2013,
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The use of an reference model that describes the over-
all sound field is likely to lead to inaccuracies if the actual
sound field deviates from the model. The first cause for
such a deviation may be the presence of reflections other
than from the specimen, such as room reflections. A strat-
egy to eliminate these, is to gate these so-called parasitic
or spurious reflections out from the impulse response by
employing a time-windowing technique [9, 10, 11, 12, 16].
For methods that do not use an impulse response, one may
place the source near the surface [18] so that the relative
amplitudes of the unwanted reflections are reduced.
Although such strategies can also be used to gate out,
or reduce the effect of, edge-diffracted waves, the use of
an overall sound field model may still lead to inaccura-
cies, even if the measurement is performed in a semi-
anechoic room. Possible causes are multiple, for instance
non-omnidirectionally radiating sound sources, samples
that are non-locally reacting, or samples having a non-
planar surface. Fitting the reference model parameters to
the measurement results will then typically lead to sound
absorption coefficients that are inaccurate to a greater or
lesser extent [14, 19].
Therefore, we developed a measurement method that
can deal with non-ideal sound fields. This novel measure-
ment method employs a Local Plane Wave Assumption,
and is therefore called the LPW-method. It yields the ex-
act sound absorption coefficient for plane waves that are
normally incident upon a locally-reacting surface, but also
yields accurate results for near-normal incidence, even if
additional reflections are present [20, 21, 22, 23]. By us-
ing the LPW-method, at a small distance from the surface
of interest, one can straightforwardly determine the local,
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Figure 1. A general, arbitrarily shaped, surface S
g
, with the sur-
face of interest S (hatched) and S
p
, being the projection of S
at a distance d. S and the circumferential surface S
c
are shown
separately for clarity. n
S
is the surface normal of S, and n is the
surface normal vector of S
p
(directed towards S).
or, the area-averaged sound absorption coefficient. In case
of non-plane waves and not purely normal incidence, one
obtains an effective sound absorption coefficient.
Numerical investigations [23] showed that, accurate es-
timates for the normal incidence sound absorption coef-
ficient can be obtained, even in the presence of interfer-
ing reflections. Hence, area-averaging seems effective in
reducing the effects caused by such reflections. However,
it was also observed that the measurement surface prefer-
ably needs to lie within 1 cm from the surface of interest
to obtain accurate results, in particular for poorly absorb-
ing surfaces. Measuring at such a small distance is not al-
ways possible or practical, considering, for instance, the
dimensions of typical electro-acoustic transducers, or non-
flatness of the material surface.
In this paper, we investigate the influence of the mea-
surement distance for a poorly absorbing surface on the
measured sound absorption coefficient and propose an ap-
proach to produce accurate results for practical values of
the measurement distance. To first familiarize the reader
with the LPW-method, the theory, with formulations for
pu- and pp-intensity probes, is presented in section 2. This
section is followed by a theoretical investigation of the
sound field in front of an acoustically hard surface in sec-
tion 3. This investigation shows that measurements at a
larger distance are possible if the measurement surface is
extended with the circumferential surface surrounding the
volume between the material- and the measurement sur-
face. Experimental results that demonstrate the effect of
the proposed approach are shown and discussed in sec-
tion 4. Finally, in section 5, conclusions and recommenda-
tions for further work are given.
2. Theory
2.1. Theory of the LPW-method
In the following, we assume that the sound field satisfies
the Helmholtz equation. Furthermore, the e
iωt
-convention
is used, i.e. p(t) = Re

P (ω)e
iωt

. Vector quantities are
bold-faced, and the explicit dependence of ω is omitted
for quantities in the frequency domain.
The theory is presented based on the configuration
shown in Figure 1. We want to obtain an accurate estimate
for the area-averaged normal incidence sound absorption
coefficient of the surface area S, being a part of a general
surface S
g
. To this purpose, we define a measurement sur-
face S
p
, parallel to S and at a distance d from S. Note that
the shape of the measurement surface S
p
is a good approx-
imation of the shape of S if the distance d is much smaller
than the radius of curvature of S. As the space between S
and S
p
is generally source-free, it is reasonable to assume
that the normal incidence sound absorption coefficient of
S can be accurately estimated if the distance between both
surfaces is small and sound incidence is normal or at least
near-normal.
For a measurement surface with a certain area, the area-
averaged sound absorption coefficient α is defined as the
ratio of active and incident acoustic sound power
α =
W
ac
W
in
, (1)
whereW
ac
andW
in
are the frequency-dependent active and
incident acoustic power. The active acoustic power repre-
sents the net acoustic power that is transferred through the
area towards the physical surface. The incident acoustic
power is the active acoustic power that passes through the
same area in absence of the physical surface. Formally, α
is the effective area-averaged sound absorption coefficient
if sound incidence occurs not purely normal over the sur-
face area of interest. Both powers in equation (1) can be
calculated by surface integration of their associated inten-
sities over this surface area,
W
ac
=

S
p
I
ac
· n dS, (2)
W
in
=

S
p
I
in
· n dS, (3)
where I
ac
is the active acoustic intensity vector, and n is
the surface normal vector of S
p
, see figure 1. I
in
is the in-
cident acoustic intensity vector, being the active acoustic
intensity vector at the same position, but in a free-field,
i.e. without the sample. Measurement of the active acous-
tic intensity in direction n can be performed with a pu-
[24], or a pp-sound intensity probe [25]. However, the inci-
dent acoustic intensity cannot be determined directly from
a single measurement, because one cannot distinguish be-
tween the incident and reflected acoustic field in front of
the sample. To be able to estimate the incident acoustic
intensity without the need for a separate measurement in
a free-field, or without employing an overall sound field
model, the acoustic field is locally approximated by em-
ploying a local plane wave assumption, as illustrated in
Figure 2. In any point on S
p
, the acoustic field is approxi-
mated by an incident plane wave with complex amplitude
A, traveling in direction n, and a reflected plane wave with
complex amplitude B, traveling in the opposite direction.
Accordingly, the approximated field consists of a spatial
distribution of A and one of B.
Accordingly, in each point, defined by its spatial co-
ordinate r, upon S
p
, the complex acoustic pressure P (r)
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Figure 2. Upper part: arbitrary acoustic field in front of a material
surface S; Lower part: approximated field using the local plane
wave assumption.
and complex particle velocity in direction n, U
n
(r) =
U(r) · n(r), can be written as
P (r) = A(r,n) + B(r,n), (4)
U
n
(r) =
1
ρ
0
c
0

A(r,n) − B(r,n)

, (5)
where k = ω/c
0
is the (real-valued) wavenumber, c
0
de-
notes the speed of sound, and ρ
0
the mass density of the
acoustic medium. Solving for A(r,n) and B(r,n) yields
A(r) =
1
2

P (r) + ρ
0
c
0
U
n
(r)

, (6)
B(r) =
1
2

P (r) − ρ
0
c
0
U
n
(r)

, (7)
where the dependency on n has been removed, as n =
n(r). From equations (6) and (7) it follows that A(r) and
B(r) can be determined by measurement of the acoustic
pressure and the component of the particle velocity in di-
rection n. Once A(r) and B(r) are known, the incident-
and reflected acoustic intensity in directions n and −n, re-
spectively, can be calculated by
I
in
(r) =
|A( r)|
2
2ρ
0
c
0
, (8)
I
refl
(r) =
|B( r)|
2
2ρ
0
c
0
. (9)
The active power, given by equation (2), is determined by
spatial integration of the well-known expression for the
active acoustic intensity [25],
I
ac
(r) =
1
2
Re

P (r)U
n
(r)

. (10)
Summarizing, using the LPW-method, the area-averaged
sound absorption coefficient can be determined using a 1D
P
1
( )r
P
2
( )r
s
S
S
p
d
n r( )
Figure 3. pp-probe with microphone spacing s.
sound intensity probe. Accordingly, formulations for pu-
and pp-probes are given in the following two sections, and
are presented in terms of power spectral densities, allow-
ing a straightforward implementation on signal processing
level.
2.2. Formulation for a pu-probe
As the LPW-method is already defined in terms of acous-
tic pressure and particle velocity, equations (6) and (7) can
be substituted directly into equations (8) and (9) to obtain
the incident and reflected acoustic intensity. Then, by fol-
lowing the procedure outlined in appendix A1, the spectral
density of the incident and reflected acoustic intensity can
be expressed as
I
in
=
1
4

G
pp
ρ
0
c
0
+ ρ
0
c
0
G
uu

+
1
2
Re

G
pu

, (11)
I
refl
=
1
4

G
pp
ρ
0
c
0
+ ρ
0
c
0
G
uu

−
1
2
Re

G
pu

, (12)
where G
pp
(r), G
uu
(r), and G
pu
(r) are single-sided auto-
and cross-power spectral densities of the acoustic pressure
and particle velocity. The explicit dependence on the spa-
tial coordinate r is omitted here for readability. The spec-
tral density of the active acoustic intensity [25] is
I
ac
= Re(G
pu
), (13)
so that the last term in the right-hand side of equations
(11) and (12) equals to
1
2
I
ac
. One can prove that I
ac
can
never exceed I
in
, thus α ≤ 1. The active and incident
acoustic power can now be calculated by spatial integra-
tion of both intensities over the projected surface S
p
, and
the area-averaged sound absorption coefficient for is read-
ily obtained by equation (1). One can also use the local
active- and incident acoustic intensity to calculate a local
sound absorption coefficient, α
loc
(r) given by
α
loc
(r) = 1 −
|B( r)|
2
|A( r)|
2
,
= 1 −
I
refl
(r)
I
in
(r)
, (14)
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2.3. Formulation for a pp-probe
Using the setup in Figure 3, a pp-probe can be used to de-
termine the acoustic pressure and particle velocity in the
surface normal direction upon the measurement surface
S
p
. Typically, the following equations are used to estimate
the complex acoustic pressure P (r) and the complex par-
ticle velocity U
n
(r) at the probe center [25],
P (r) ≈
1
2

P
1
(r) + P
2
(r)

, (15)
U
n
(r) ≈
i
ρ
0
ωs

P
2
(r) − P
1
(r)

, (16)
where s is the microphone spacing, and P
1
(r) = P (r−
s
2
n)
and P
2
(r) = P (r +
s
2
n), where r is the spatial coordinate
of the probe center. By substitution of equations (15) and
(15) in equations (13) and (11), the spectral density of the
active and incident acoustic intensity becomes
I
ac,FD
=
− Im (G
12
)
ρ
0
ωs
, (17)
I
in,FD
=
1
16ρ
0
c
0
(ks)
2


(ks)
2
+ 4][G
11
+ G
22

(18)
+ 2

(ks)
2
− 4

Re(G
12
) − 8ks Im(G
12
)

,
where G
11
, G
22
, and G
12
are single-sided power spectral
densities of the acoustic pressure signals p
1
(t) and p
2
(t),
and the subscript
FD
indicates that both intensities are cal-
culated using the finite-difference approximation for the
particle velocity acc. equation (15).
For sound incidence in the direction of the axis of the
pp-probe, one can derive a different formulation. In line
with the local plane wave assumption, we can relate the
complex acoustic pressures P
1
(r) and P
2
(r) to A(r) and
B(r) as
P
1
(r) = A(r)e
iks/2
+ B(r)e
−iks/2
, (19)
P
2
(r) = A(r)e
−iks/2
+ B(r)e
iks/2
. (20)
After solving for A(r) and B(r), substitution into equa-
tions (8) and (9), application of the procedure in appendix
A1, one obtains the spectral densities of the incident and
reflected intensity,
I
in
=
G
11
+ G
22
− 2Re

G
12
e
−iks

4ρ
0
c
0
sin
2
(ks)
, (21)
I
refl
=
G
11
+ G
22
− 2Re

G
12
e
iks

4ρ
0
c
0
sin
2
(ks)
, (22)
where the dependence on r is again omitted. By evaluat-
ing the complex acoustic pressure and particle velocity in
terms ofA(r) andB(r) at the probe center, and using equa-
tion (10), it follows that the spectral density of the active
acoustic intensity equals
I
ac
=
− Im (G
12
)
ρ
0
c
0
sin(ks)
. (23)
Equation (23) matches with equation (11) in [26] for the
active acoustic intensity in a plane wave sound field in a
10
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Figure 4. Sound absorption coefficient determined using the FD-
and the sin(ks)-formulation for normal incidence. Curves are
calculated for 20 different phases of the reflected wave where the
phase of the incident wave remained constant. Parameters: mag-
nitudes of the complex amplitude of the incident and reflected
wave: 1 Pa, and
1
2
√
2 Pa. ρ
0
= 1.2 kg/m
3
, c
0
= 343m/s, and
s = 20mm.
duct. For ks << 1, the term sin(ks) may be replaced by
ks, and, as expected, equation (17) is obtained again.
The effect of using the sin(ks)-formulation in equa-
tions (21) and (23) versus the FD-formulation in equations
(17) and (19) is clearly visible in Figure 4. In this figure
the sound absorption curves are shown for both formula-
tions, for normal plane wave incidence, and a microphone
spacing s = 20mm. The FD-curves rapidly deviate from
the exact value (α = 0.5) with increasing frequency. Of
course, for normal incidence, the sin(ks)-curves are ex-
act, and the usual requirement that the microphone spac-
ing s should be much smaller than the wavelength λ can
be dropped.
In Figure 4, at 8.6 kHz a singularity occurs. This singu-
larity is caused by the presence of the sin
2
(ks)-term in the
denominator of the incident acoustic intensity in equation
(21) and occurs if the wavelength equals twice the micro-
phone spacing s. One may of course choose a smaller mi-
crophone spacing, but the sensitivity to phase-mismatch
errors at low frequencies will increase, similar to mea-
surement of the active acoustic intensity with a pp-probe
[25]. For the FD-formulation, the absolute error may ex-
ceed 0.01 for frequencies above 1500Hz.
Although the sin(ks)-formulation was derived for inci-
dence in the direction of the pp-probe, similar calculations
showed that this formulation leads to an absolute error of
less than 0.01 for all frequencies below 5000Hz even at an
incidence angle of 10
◦
. Considering that the LPW-method
is applied for normal or near-normal incidence, we have
chosen to use the sin(ks)-formulation and have therefore
applied equations (21) and (23) in the preparation of the
experimental results shown in section 4 of this paper.
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Figure 5. Point source Q located in front of an acoustically hard
surface (white). Upon this surface, a material surface area S
(dark-gray) is defined; its projected surface at distance d is S
p
.
The x- and z-axis both lie upon S, whereas the y-axis points into
the material.
A somewhat more general comparison of the sin(ks)-
and FD-formulations for obliquely incident plane waves is
given in appendix A2.
3. Analysis of the sound field in front of an
acoustically hard surface
Previously [23], numerical investigations were performed
to investigate the accuracy of the LPW-method. It was
found that the accuracy increases with decreasing distance
of the measurement surface to the material surface. A high
accuracy over the whole simulated frequency range up to
1500Hz was reached if the acoustic pressure and particle
velocity were both determined within 1 cm from the mate-
rial surface.
Furthermore, it was found that the accuracy decreased
if the ratio R
S
= A
p
/A
c
of the area A
p
of the projected
surface to the area A
c
of the circumferential surface de-
creased. This effect was more pronounced in the case the
material surface had a high acoustic surface impedance.
From these observations, it is expected that the flow of
acoustic power through the circumferential area S
c
, see
figure 1, can be significant, particularly for poorly absorb-
ing material surfaces. To investigate this hypothesis, we
have analyzed the following theoretical example.
We consider a semi-free field bounded by a planar ma-
terial surface with infinite acoustic surface impedance Z
S
,
subjected to incident sound generated by a point source,
see Figure 5. For this case, the (area-averaged) sound ab-
sorption coefficient of the material surface area S equals
zero per definition. Following a mirror-source approach,
the sound field can be calculated analytically. The area-
averaged effective sound absorption coefficient was deter-
mined analytically for a square surface area S
p
with di-
mensions w x w = 256×256mm
2
for different distances d
and a source distance h = 1m. It is shown in Figure 6 for
three different values of the distance d.
Although one would expect values near zero in Figure 6,
values of α up to 0.37 can be obtained at low frequencies
10
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Figure 6. Analytical area-averaged effective sound absorption co-
efficient of a plane measurement surface, at distance d from a
planar acoustically hard surface of infinite extent, irradiated by a
point source at a distance of 1 m.
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Figure 7. Distribution of the active acoustic intensity over the
xy-plane within 5 cm from the material surface. Upper graph:
1000 Hz. Lower graph: 5000 Hz. The material surface is located
at the line y = 0 m.
if the distance d is 5 cm. The cause for this behavior lies
in the fact that there is a net outflow of acoustic power
through the circumferential surface, as illustrated in Fig-
ure 7.
To obtain an accurate estimate of the area-averaged
sound absorption coefficient of S, we have to include the
active acoustic power passing through the circumferential
surface. I.e., we use the acoustic power balance for the
source-free volume between S
p
and S,
W
ac
= W
ac,p
+
4

j=1
W
ac,c,j
, (24)
where W
ac
is the active acoustic power absorbed by the
material surface S, and the other powers are defined acc.
Figure 8. If measured accurately,W
ac
must equal zero, and
thus α = 0.
As the contribution of the active acoustic power pass-
ing through the whole circumferential surface can be ac-
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counted for in this way, the question arises whether this ap-
proach should also be followed for the acoustic power that
is incident upon this surface. For normal or near-normal
incidence, it is expected that the contribution of the power
incident upon S
c
, W
in,c
, will be small compared to the
power W
in,p
incident upon S
p
. To verify this, the analyt-
ical expressions for both powers were derived,
W
in,c
=
4|C|
2
ρ
0
c
0

atan

2h

2w
2
+ 4h
2


− atan

2(h − d)

2w
2
+ 4(h − d)
2


, (25)
W
in,p
=
2|C|
2
ρ
0
c
0
atan

w
2
2(h − d)

2w
2
+ 4(h − d)
2


, (26)
where C is the complex amplitude of the acoustic pres-
sure of a point source, as in P (r, ω) =
C
r
e
−ikr
with r =

x
2
+ (y + h)
2
+ z
2
. By evaluating these expressions, the
ratioW
in,c
/W
in,p
can be calculated. This ratio is a measure
of the relative contribution of power incident upon the cir-
cumferential surface S
c
. Figure 9 shows this ratio for two
source distances: h = 0.5 m and h = 1 m. As expected,
the relative contribution of W
in,c
decreases for an increas-
ing source distance h. Furthermore, an approximately lin-
ear dependency on d can be observed.
The measurements described in section 4 were all per-
formed with d = 0.02 m and h = 1 m. According to Fig-
ure 9,W
in,c
then equals ca. 4% ofW
in,p
. Correspondingly,
α will overestimate the area-averaged effective sound ab-
sorption coefficient of S by ca. 4% if W
in,c
is neglected.
Although this percentage is significant, for poorly absorb-
ing material surfaces having a sound absorption coefficient
below 0.25, the absolute error will remain below 0.01. In
such cases, where the source distance is sufficiently large,
it is justified to ignore the contribution of the acoustic
power that is incident upon the circumferential surface.
Therefore, for the measurement of poorly absorbing sur-
faces using the configuration shown in Figure 5, we pro-
pose to determine the active acoustic power upon S
p
and
S
c
, and determine the incident acoustic power upon S
p
only.
Please note that the considerations in this section are
valid for a planar acoustically hard surface of infinite ex-
tent. For a panel with finite dimensions, one needs to ver-
ify beyond which frequency the mirror source approach
leads to a good approximation of the real acoustic field in
front of the panel. By using a Fresnel-zone approach, see
Heutschi [??], this frequency can be deduced from
d
c
=
s
2
πλ
−
λ
4
(27)
where d
c
is the critical distance, s the panel dimension, and
λ the wavelength. The critical distance d
c
is the distance
above which the reflection is not purely geometric any-
more. Setting d
c
= 5 cm and solving for the frequency, it
W
ac p;
W
ac c 2; ;
W
ac c 1; ;
W
ac c 4; ;
W
ac c 3; ;
Figure 8. Active acoustic powers of each surface; each power is
positive in the directions shown.
Figure 9. Ratio of W
in,c
and W
in,p
, as a function of w and the
distance d.
follows that for normal incidence of plane waves and a dis-
tance of 5 cm from the measurement surface to the physi-
cal surface, the critical frequency equals 460 Hz, which is
much below the lowest frequency of the experiments dis-
cussed in section 4.
4. Experiments
4.1. Introduction
In this chapter, the LPW-method is applied to determine
the area-averaged normal incidence sound absorption co-
efficient of a poorly- and a well-absorbing surface. The
effect of the proposed extension of the measurement sur-
face upon which the active acoustic power is determined,
is investigated. In addition, the influence of the area of the
measurement surface is analyzed.
4.2. Aluminum plate
The first sample is a 10mm thick aluminum plate with di-
mensions 125×74.5 cm
2
. The plate was positioned verti-
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cally in a well-absorbing, but not anechoic, room with ap-
proximate dimensions 6×6×5m
3
. The measurement was
performed with a newly developed 3D pp-probe, con-
sisting of 4 pp sound intensity probes each having 2
MEMS-microphones spaced 20mm apart, see Figure 10.
These omnidirectional microphones (ADMP441, Analog
Devices, 4.7×3.8×1.0mm
3
, [??]) offer a low self-noise
level, being equal to 33 dB(A). This results in a signal-
to-noise ratio of 61 dB(A) at an acoustic stimulus level of
94 dB. Considering the maximum acoustic input level of
120 dB, a dynamic range of 87 dB results. In practice, the
usable dynamic range is somewhat smaller, as this micro-
phone type has a total harmonic distortion of 3% at a sound
pressure level of 104 dB. Data acquisition is performed us-
ing a 40-channel front-end and a PC.
The advantage of using very small microphones is that
the acoustic center of a single microphone can be placed
at only 10mm from the plate surface while having suffi-
cient play to avoid any collisions during movement of the
probe. Despite the slenderness of the electronic prints and
the spacers, calibration measurements showed that some
diffraction occurs between 4 and 6 kHz. This diffraction is
probably caused by the holder upon which the prints are
mounted.
The measurement of the active acoustic intensity upon
the four parts of the circumferential surface was performed
using the four microphones of the probe that are nearest
to the plate. As an example, Figure 11 shows how micro-
phonesM
3
andM
4
are used to determine the active inten-
sity upon S
c,3
.
A square measurement grid of 21×21 points with di-
mensions 256×256mm
2
was defined upon the plate, re-
sulting in a point spacing of 12.8mm. An automated scan-
ning system with a positioning accuracy better than 1mm
was used to move the probe along over the surface of the
plate. A small Eurofysica loudspeaker (membrane diam-
eter 23mm, mounted in a cylindrical housing with a di-
ameter of 80mm) was chosen as a sound source. It was
necessary to use such a small speaker in order to resemble
a point source so that a comparison of the experimental
results with the calculations in section 3 is possible. For
the LPW-method, any source can be used. A further ad-
vantage of using a small speaker in the experiments is that
diffraction by the speaker housing is limited. The speaker
was driven with white noise in a wide frequency band, but
due to its small dimensions, it hardly radiated sound at fre-
quencies below 1 kHz. As a consequence, results are not
shown below this frequency.
The source was positioned at 1m from the plate, and
oriented such that normal incidence occurs at the geomet-
ric center of the measurement region. Temperature, am-
bient pressure and relative humidity were recorded at the
start of the scanning session. At each grid point a measure-
ment of 10 s at a sample rate of 48 kHz was taken. The data
was processed in data blocks of 4096 points, with 80%
overlap. The frequency resolution Δf of all results equals
11.7Hz.
Microphone (8x)
Spacer
Spacer
Holder
Figure 10. 3D sound intensity probe in front of an aluminum
plate.
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Figure 11. Schematic top view of 3D intensity probe in front of
a planar surface.
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Figure 12. Area-averaged effective sound absorption coefficient
of an aluminum plate.
Figure 12 shows the area-averaged sound absorption co-
efficient, determined using equations (21) and (23). If the
flow of active acoustic power through the circumferential
area is not accounted for, the solid gray curve is obtained.
This curve matches the theoretical, dashed gray, curve for
d = 0.02 m taken from Figure 6 quite well.
The black curve in Figure 12 shows the same result, but
now the measurement of the active acoustic power was
extended with the circumferential surface. Up to 3.5 kHz,
this curve represents zero sound absorption on average, as
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side surfaces.
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Figure 14. α for three different surface areas.
expected. The variations of both curves may be caused
by edge-diffracted waves, acoustic radiation induced by
modal response of the plate, or room reflections. Although
the room is well-absorbing, such reflections could be in-
duced by large mechanical equipment located in the room.
The interferences caused by these phenomena may give
rise to negative active acoustic power at some frequencies,
therefore negative absorption values are present.
The black curve in Figure 13 shows the active acous-
tic power flowing into S
p
. The gray curve represents the
active acoustic power flowing out of the circumferential
surface, i.e. oppositely to the definition in Figure 8. The-
oretically, for an acoustically hard material surface, both
curves should coincide. This is approximately the case up
to ca. 3 kHz, however, above this frequency, the active
power flowing into S
p
rapidly decreases and even becomes
negative. As a result, the sound absorption curves in Fig-
ure 12 show a dip between 3.5 and 5 kHz. The occurrence
of negative active acoustic power in Figure 13, can possi-
bly be explained by amplitude and phase errors caused by
the aforementioned diffraction between 4 and 6 kHz of the
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Figure 15. Area-averaged effective sound absorption coefficient
of an area of 256x256mm of a rigidly backed foam sheet.
probe. Jacobsen [27] found that measurement of the active
acoustic intensity in reactive sound fields is very sensitive
to such errors.
Although not explicitly noticeable, the gray curve in
Figure 13 may as well be influenced by probe diffraction
effects. A further possible source of inaccuracy of the ac-
tive acoustic power flowing through the circumferential
surface is the spatial integration of the active acoustic in-
tensity. This integration becomes inaccurate when the vari-
ation of the active acoustic intensity with the y-coordinate
cannot be represented by a linear function anymore be-
tween y = 0 and y = d. Looking at Figure 7, this will
already be the case for frequencies starting at a frequency
somewhat below 5000Hz if d = 20mm.
The influence of the dimensions of the projected sur-
face was investigated by performing the same analysis as
above, but for reduced surface areas, i.e. reduced point
sets. Figure 14 shows the area-averaged effective sound
absorption coefficient for three different sizes of S
p
. This
graph clearly illustrates that a larger surface leads to less
variations in the sound absorption curve. The same behav-
ior was observed in [23]. The explanation for this effect
is that interferences (room reflections, diffracted waves)
are averaged out more strongly as the surface area in-
creases. All three curves in Figure 14 represent the the-
oretical value α = 0 up to 3.5 kHz, on average, quite well.
4.3. Foam sheet
As a second example, an experiment was performed for a
50mm thick sheet of melamine resin foam. Its dimensions
are 625 x 1250mm, and it was attached to the previously
analyzed 10mm thick aluminum plate using double-sided
adhesive tape. The measurement procedure was identical
to the procedure described in the preceding section. Fig-
ure 15 shows the area-averaged effective sound absorption
coefficient for three cases: 1) only for the projected surface
S
p
using the sin(ks)-formulation, 2) as proposed in section
3 with the extension of S
p
with S
c
for the active acoustic
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power using the sin(ks)-formulation for both surfaces, and
3) with the extension, but using the FD-formulation for S
c
and the sin(ks)-formulation for S
p
. The latter curve is in-
cluded as the sin(ks)-formulation becomes inaccurate for
combinations of large incidence angles and high frequen-
cies, see appendix A2.
The difference between the black curve for S
p
and those
for S
p
and S
c
, is smaller than observed for the aluminum
plate. This can be explained by the orientation of the ac-
tive acoustic intensity vector. This vector will mostly be
parallel to the circumferential surface for a well-absorbing
surface subjected to near-normal incidence, and hence the
amount of active power passing through the circumferen-
tial surface is relatively less important. Furthermore, it is
observed that the FD-formulation indeed leads to a differ-
ent curve at frequencies exceeding 3 kHz.
Figure 16 shows the area-averaged effective sound ab-
sorption coefficient (for 3 different surface sizes) and
the sound absorption coefficient curve determined with
an impedance tube. For the area-averaged measurements,
the active acoustic power flowing through the circumfer-
ential surface was determined using the FD-formulation.
As observed for the aluminum plate, the curves become
smoother with increasing surface area. A bit of the vari-
ation between the curves can possibly be explained by
the variation of the dimensions of the scanned area as the
properties of the foam surface vary with position, as will
be discussed in the following paragraph. Another explana-
tion could be that the variation of the angle of incidence
is larger for a larger measurement surface. However, the
maximum angle of incidence equals only 7
◦
so that the
variation of the sound absorption coefficient between 0
◦
and 7
◦
is really insignificant if local reaction is assumed
for the surface of the foam sheet.
The dips in the curves at approximately 2.27 kHz, and a
similar one at 6.08 kHz (not shown) are somewhat atypical
for the sample under analysis. To investigate their cause,
the local absorption coefficient α
loc
acc. equation (14) was
determined for all grid points for both frequencies and
mapped spatially in Figures 17a and 17b.
For completeness, the sound absorption coefficient
curve obtained with a 50 mm diameter impedance tube
is shown as well. This curve deviates quite much from
the other three curves. The largest deviation occurs near
the dip in the curves that are determined with the LPW-
method. Nevertheless, a better agreement was expected.
A possible reason for the deviations is the omission of
the double-sided adhesive layer during the impedance tube
test.
Both figures, but particularly Figure 17b, indicate that
absorption locally deviates in vertically oriented zone co-
inciding with with one strip of adhesive tape that was
used to attach the foam. Inspection of the foam after the
measurement revealed that it had locally loosened from
the adhesive tape. Hence, a small cavity may have been
present during the measurements, leading to local change
of the sound absorption coefficient. The spatial extent of
the absorption deviation is much larger at 2273Hz than at
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Figure 16. Influence of the surface area.
(a)
(b)
Figure 17. (a) α
loc
at 2273Hz, (b) α
loc
at 6082Hz.
6082Hz. This might be related to the acoustical resolution,
being dependent on the wavelength. By performing nor-
mal incidence sound absorption coefficient measurements
for a sample within the affected zone and for a sample out-
side this zone, in a plane wave tube, it was verified that
the variation in the local sound absorption coefficient was
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not caused by a variation of the material properties of the
foam itself.
5. Conclusions and further work
In this paper, application of the LPW-method for sound
absorption measurements is presented. Formulations of
the LPW-method for pu- and pp-probes are given. It is
shown that the area-averaged effective sound absorption
coefficient increasingly rapidly deviates from the theoret-
ical value with increasing distance from the material sur-
face for an acoustically hard surface. It is proposed to com-
pensate for this effect by additionally measuring the active
acoustic power that passes through the circumferential sur-
face.
In the determination of the active acoustic power pass-
ing through the circumferential surface, the FD-formu-
lation should be preferred over the sin(ks)-formulation as
the active acoustic intensity vector generally is not ori-
ented normally or near-normally to the circumferential
surface. Furthermore, at the circumferential surface, the
measurement grid should be sufficiently dense to avoid
spatial integration errors. This requirement theoretically
confines the usable frequency range to ca. 4-5 kHz for an
acoustically hard surface with the chosen set-up, provided
that diffraction of the probe is absent as it may lead to am-
plitude and phase errors.
Experimental sound absorption measurement of a thick
aluminum plate confirms the effectiveness of the proposed
approach. The accuracy of the effective area-averaged
sound absorption coefficient is increased for this sample.
Experimental results for a foam sample showed that the
proposed extension is less important for well-absorbing
surfaces.
When comparing the LPW-method to existing free-field
measurement methods, the most important advantage of
the LPW-method is the absence of an overall sound field
model. Because the LPW-method does not rely on an over-
all sound field model of an idealized sound field, it is less
sensitive to deviations from the idealized sound field in the
real measurement setup. By additionally employing area-
averaging, interference effects that may occur in non-ideal
sound fields are reduced. A further argument for using an
area-averaged sound absorption coefficient is that the out-
come is less prone to spatial variation of the acoustic prop-
erties than a point measurement. Therefore, it probably
will be a more representative estimate for the surface as
a whole. A disadvantage of the proposed method is that
the measurement effort is increased compared to existing
point-based measurement methods. However, by employ-
ing automated scanning equipment or a measurement ar-
ray, the measurement eff ort can be greatly reduced.
Finally, we recommend to include further investigations
with respect to amplitude and phase errors in future work
and to conduct in situ measurements to gather experience
with the method presented in this paper.
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Appendix
A1. Formulations in terms of power spectral densi-
ties
The process of switching from a formulation in terms of
single-sided spectra to one in terms of single-sided power
spectral densities is elucidated in this appendix. We start
with equation (10) in which the dependency on the spatial
coordinate r is omitted for briefness,
I
ac
=
1
2
Re

PU

. (A1)
This expression is based on the two conventions p(t) =
Re(P e
iωt
) and u(t) = Re(Ue
iωt
). In these conventions,
the complex spectra P , U , and I
ac
are single-sided Fourier
transforms. To obtain the single-sided power spectral den-
sity (PSD) of the active acoustic intensity, we use the def-
inition for the single-sided cross-power spectral density
given by Bendat and Piersol [28, p.55]
G
xy
(f ) = lim
T→∞
2
T
E

X
k
(f, T )Y
k
(f, T )
	
. (A2)
where X
k
(f, T ) and Y
k
(f, T ) are the double-sided finite
Fourier transforms over the k
th
record of length T . To
be able to apply this expression, equation (A1) must first
be formulated in terms of double-sided spectra. Following
Parseval’s Identity, P = 2P
ds
, U = 2U
ds
, and I
ac
= 2I
ac,ds
where the subscript
ds
denotes a double-sided spectrum.
equation (A1) then becomes
I
ac,ds
= Re

P
ds
U
ds

, (A3)
where the conjugation order has been reversed. The power
spectral density of I
ac,ds
(r) is now obtained by application
of equation (A2),
lim
T→∞
2
T
E {I
ac,ds
} = lim
T→∞
2
T
E

Re

P
ds
U
ds
	
,
= Re

lim
T→∞
2
T
E

P
ds
U
ds


,
= Re

G
pu

, (A4)
where the latter expression is generally simply expressed
as I
ac
= Re

G
pu

[25]. Therefore, the relation between the
single-sided spectra P and U , and the single-sided cross-
power spectral density is
PU ≈ 2G
pu
, (A5)
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Figure A1. An unidirectional pp-probe (microphones represented
by the two black dots) oriented at an angle θ with respect to the
propagation direction q of a plane wave.
Figure A2. Rel. error ε
FD
and ε
sin(ks)
of the active acoustic in-
tensity vs. frequency and incidence angle for the FD-formulation
(upper graph) and the sin(ks)-formulation (lower graph). Data
omitted for relative errors greater than ±0.2.
where the approximate equal sign can be replaced with an
equal sign, under the assumption that the G
pu
is obtained
by taking the average of a sufficient number of measure-
ments of an ergodic process. The above procedure may be
followed to re-formulate any similar product in terms of
single-sided power spectral densities.
A2. Accuracy of measurement of the active acoustic
intensity for oblique incidence
Equation (23) for the active acoustic intensity using the
sin(ks)-formulation, is exact for a set of two plane waves,
traveling in direction n and −n. In this appendix, the ac-
curacy of this expression for oblique incidence is analyzed
for the case of a single plane wave with complex amplitude
C, propagating at an angle θ with respect to the y-axis, see
Figure A1. The acoustic pressure and particle velocity can
be written as
P = Ce
−ik

x sin(θ)+y cos(θ)

, (A6)
U
y
=
cos(θ)
Z
0
Ce
−ik

x sin(θ)+y cos(θ)

. (A7)
The true active acoustic intensity associated with this wave
in the y-direction is equal to
I
ac,true
=
|C|
2
2ρ
0
c
0
cos(θ). (A8)
Using the sin(ks)-formulation in equation (23), the esti-
mate for the active acoustic intensity becomes:
I
ac
=
|C|
2
2ρ
0
c
0
sin[ks cos(θ)]
sin(ks)
. (A9)
Defining the relative error of I
ac
as ε
sin(ks)
= (I
ac
−
I
ac,true
)/I
ac,true
, one obtains
ε
sin(ks)
=
sin[ks cos(θ)]
sin(ks) cos(θ)
− 1. (A10)
Similarly, for the finite-difference (FD) formulation, using
equation (17), one becomes
ε
FD
=
sin[ks cos(θ)]
ks cos(θ)
− 1. (A11)
Figure A2 shows both relative errors as a function of fre-
quency and incidence angle for a pp-probe with a mi-
crophone spacing of 20mm. Whereas the FD-formulation
leads to an underestimation, the sin(ks)-formulation over-
estimates the active acoustic intensity. For a combination
of normal incidence and high frequencies, the sin(ks)-
formulation is more accurate than the FD-approach. At
large angles of incidence and high frequencies the oppo-
site holds.
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